From left to right and from top to bottom: temporal evolution of the mean square velocity !"# , velocity correlation functions !! , corresponding correlation length !"## , temporal evolution of the order parameter , mean square displacements (MSD) and corresponding persistence length !"#$ .
For all PIV measurements, at least 5 movies/experimental condition were analysed in 3-12 independent experiments. In (d-e), vertical lines indicate the time interval used for the analysis of motility parameters.
Supplementary Figure 2. Analysis of junctional proteins topology and expression
(a) Left panels: immunofluorescence localization of P-cadherin (P-cad) and ZO-1 in fully confluent and jammed control and RAB5A-MCF-10A monolayers after treatment for 16 h with doxycycline to induce transgene expression. Cells were fixed and stained for either P-cadherin (P-cad) or ZO-1.
Scale bar, 20 µm. Right graph: the straightness index of junctions was quantified by the ratio of the distance between vertices of junctions to the total junctional length. Values ranged from 0 to 1, corresponding to wavy and linear junctions, respectively. Data are the mean ± SEM (n=12/condition of 4 independent experiments). **** p < 0.0001.
(b) Immunoblotting of total lysates of doxycycline-treated control and RAB5A-MCF-10A using antibodies against phosphorylated MLC (pMLC) and total MLC and RAB5A. Tubulin was used as loading control.
(c) From left to right: temporal evolution of the mean square velocity !"# , correlation length !"## and persistence length !"#$ were calculated by PIV analysis performed on doxycyclineinduced control and RAB5A-MCF-10A cells seeded at jamming density and treated or not with Blebbistatin (25 µM) and monitored by time-lapse phase contrast microscopy. Data are the average The magnitude of the differences in tractions between consecutive timeframes was plotted for 9 random areas (5x5µm) and expressed in KPa out of 2 independent experiments. p < 0.001 was determined using Mann-Whitney-U-Test. Bottom: component of the velocity normal to the wound edge as a function of the distance from the centre of the wound for both Ctrl (blue symbols) and RAB5A (red symbols). Velocity is estimated from the slope of the stripes in the kymographs at different distances from the centre, immediately after the wound closure.
The data shown are obtained by averaging over 5 independent image sequences for each condition.
The size of the symbols corresponds to the standard deviation associated to each data point. µm.
Supplementary Movie

Supplementary Movie 12. Fluid intake promotes collective motility of MCF-10A monolayers
Control MCF-10A confluent monolayer was treated with isotonic (left panel) or hypotonic (right panel) solutions and monitored by phase contrast time-lapse microscopy over a 24 h period.
Pictures were taken every 5 min. Scale bar, 100 µm. 
Supplementary Movie 13. Fluid intake modulation affects collective motility of RAB5A-MCF-
10A monolayers
RAB5A-MCF-
Supplementary Movie 24. Zebrafish gastrulation
Live epiboly movements of control or RAB5A injected zebrafish embryos were monitored by phase contrast time-lapse microscopy. Pictures were taken every 5 min, over a 3 h period. Scale bar, 500 µm.
Definition of the numerical model
Cells in a confluent monolayer are modelled as self-propelled Voronoi objects, as described in 3 .
Explicitly, the monolayer configuration is described by assigning the positions ! of the cell centres, acting as generators of a Voronoi tessellation of the plane. Each cell is identified with a Voronoi polygon. The k-th cell is subjected to a force ! = −∇ ! E, where ∇ ! is the derivative with respect to the position of cell centre ! and the energy E is given by
Here ! and ! are, respectively, the area and the perimeter of the k-th cell, ! and ! are, respectively, a target area and a target perimeter, and ! and ! are the area and perimeter moduli, respectively. This is the form assumed for the interaction energy both in the vertex model described in 3, 4 and in the self-propelled Voronoi model proposed by 3 . The interested reader is referred to these papers for a detailed discussion on the interpretation of the parameters. The cellular motion is determined by a combination of the external force ! and a self-propelled term according to the equation:
where ! is a unit vector giving the polarity direction of the cell, while and ! are constant. The angle ! describing the orientation of the polarity vector ! obeys the following equation:
where ! ( ) is a white noise with zero mean and variance 2 ! and , is the angle between the vectors and . This last equation incorporates a Vicsek-like alignment mechanism such that the cell polarity, tends to relax along the direction of the actual cell velocity with a characteristic time 5 . We note that in the limit → ∞ the here-described model coincides with the self-propelled Voronoi model proposed by 3 . The model can be made dimensionless by adopting ! and ! ! !! as the length and time unit, respectively. The remaining independent parameters are: the self-propulsion speed ! (which we set to 1), the rotational diffusion coefficient ! (which we set to 0.25), the ratio ! ! ! (which we set to 1), the target shape index ! and the response time .
We performed numerical simulations with N=128 and N=256 cells, adopting periodic boundary conditions. Simulations are performed by direct integration of the equation of motion using the separates the solid-like, jammed states (circles), for which mutual rearrangement of the cells are prevented and !"" ≅ 0, from "liquid" states, for which a non-zero long-time diffusivity is observed (squares). In agreement with 3 , we found that the liquid-solid transition occurs when the shape factor attains the critical value of ≅ 3.81. A second (black) line marks the transition between "flowing states" (crosses), where directed collective migration is observed and the order parameter is non-zero, and "non-flowing states" (dots), for which no long-range orientational order is present < 0.05.
A more comprehensive discussion of the results of the simulations of the described model will be presented elsewhere.
of viral supernatant were collected and filtered through 0.45 µm filters. Cells were subjected to four cycles of infection and selected using the appropriate antibiotic: neomycin for pSLIK-neo vector (150 µg/ml), hygromycin for pSLIK-hygro vector (100 µg/ml) or puromycin for EGFP-LifeAct or pBABE vectors (2 µg/ml). After several passages, stable bulk populations were selected and induced by Doxycycline Hyclate (2.5 µg/ml) in order to test: i) induction efficiency by Western
Blotting and quantitative RT-PCR (qRT-PCR), and ii) the homogeneity of the cell pool by immunofluorescence staining.
RNA interference
Control-MCF-10A cells were seeded the day before to be 60-80% confluent at the time of transfection. siRNAs (small interfering RNAs) delivery was achieved by mixing 1 nM of specific siRNAs with Optimem and Lipofectamine RNAiMAX Transfection Reagent (Life Technologies).
The following siRNAs were used for knocking down specific genes. All sequences are 5' to 3'.
RAB5A, CAAGCCTAGTGCTTCGTTT; RAB5B, CGACATTACTAATCAGGAA and RAB5C, GGACAGGAGCGGTATCACA.
All siRNAs were purchased from Life Technologies. For each RNA interference experiment, negative control was performed with the same amount of scrambled siRNAs. Silencing efficiency was controlled by qRT-PCR.
Quantitative RT-PCR analysis
Total RNA was extracted using RNeasy Mini kit (Qiagen) and quantified by NanoDrop to assess both concentration and quality of the samples. Reverse transcription was performed using SuperScript VILO cDNA Synthesis kit from Invitrogen.
Gene expression was analysed using TaqMan Gene expression Assay (Applied Biosystems). 0.1 ng of cDNA was amplified, in triplicate, in a reaction volume of 25 µl with 10 pMol of each genespecific primer and the SYBR-green PCR MasterMix (Applied Biosystems). Real-time PCR was performed on the 14 ABI/Prism 7700 Sequence Detector System (PerkinElmer/Applied Biosystems), using a pre-PCR step of 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. Specificity of the amplified products was confirmed by melting curve analysis Chemiluminescence was detected by ChemiDoc™ XRS+ System (Bio-Rad). Membrane blocking and incubation in primary or secondary antibodies were performed for 1h in TBS/0.1% Tween/5%
BSA for antibodies recognizing phosphorylated proteins or in TBS/0.1% Tween/5% milk for antibodies recognizing the total proteins. Primary antibodies were diluted 1:1,000 and secondary antibodies 1:10,000 as suggested by the manufacturer.
Immunofluorescence
Cells were fixed in 4% paraformaldehyde (PFA) and permeabilized with 0.1% Triton X-100 and 1% BSA 10 minutes (except for EEA-1 staining, permeabilized with 0.02% Saponin and 1% BSA 10 minutes). After 1X PBS wash, primary antibodies were added for 1 hour at room temperature.
Coverslips were washed in 1X PBS before secondary antibody incubation 1 hour at room temperature, protected from light. FITC-or TRITC-phalloidin was added in the secondary antibody step, where applicable. After removal of not specifically bound antibodies by 1X PBS washing, nuclei were stained with 0.5 ng/ml DAPI. Samples were post-fixed and mounted on glass slides in anti-fade mounting medium (Mowiol). Antibodies were diluted in 1X PBS and 1% BSA. Images were acquired by wide-field fluorescence microscope or confocal microscope, as indicated in figure legends.
E-cadherin staining was analyzed by confocal microscopy and images were processed to obtain the straightness index of the junction. "Junction length" was measured by tracking a straight line and "junction tracking" was obtained by tracking manually the same junction following its profile. The straightness index of the junction has been quantified as the ratio of the junction length and the junction tracking.
Electron Microscopy
For electron microscopy the cells were processed as previously described 6 . Briefly, the cells grown on Mat Tek dishes were fixed with a mixture of 4% paraformaldehyde and 2,5% glutaraldehyde in 0.2 M sodium cacodylate pH 7.2 for 2 h at RT. Afterwards, the cells were washed 6 times in 0.2 sodium cacodylate pH 7.2 at RT. Osmification followed: the cells were incubated for 1 h at RT with a 1:1 mixture of 2% osmium tetraoxide in distilled water and 3% potassium ferrocyanide in 0. 
E-cadherin internalization with HECD-1 anti-E-cadherin Antibody
For HECD-1 anti-E-cadherin internalization, cells were grown on glass coverslips and starved in DMEM/F12 for 1 h before experiment. Samples were then incubated for 1 h at 4°C with anti-Ecadherin (HECD-1) IgG diluted in PBS solution. Where appropriate, cells were pre-treated for 1 h with 80 µM Dynasore before incubation with the HECD-1 antibody. Coverslips were washed with ice-cold PBS to remove the unbound antibody and the media was replaced with pre-warmed culture medium containing 100 ng/ml EGF and 5% horse serum, in the presence or absence of EGTA 4 mM. After incubation at 37°C for 30 min, cells were washed with PBS and returned to 4°C. The residual surface-bound antibody was removed by acid washing (0.5 M acetic acid, 0.5 M NaCl).
Cells were washed with PBS before fixation with 4% paraformaldehyde for 10 minutes at room temperature. Indirect immunofluorescence staining was performed on permeabilized cells by incubation with CY3-conjugated anti-mouse antibody and DAPI. Internalization of E-cadherin was quantified using ImageJ software.
Dextran Internalization Assay
Cells were plated on glass coverslips, without gelatin coating, and cultured in complete medium until a uniform monolayer had formed. Cells were concomitantly doxycycline-induced and starved in DMEM/F12+cholera toxin 16 hours before performing the experiment. Where indicated, cells were pre-treated for 2 h with 75 µM EIPA before incubation with 1 mg/ml TMR-dextran, 70,000
MW and the stimulation mix (100 ng/ml EGF, 100 ng/ml HGF, 100 ng/ml AREG and 100 ng/ml HRG1-β1) for 1 h at 37°C. Next, cells were washed four times with ice-cold PBS, fixed in 4% paraformaldehyde (in PBS) for 10 min, washed four times with PBS, and processed for widefield analysis. Each assay was done in triplicate and at least 150 cells were counted in each experiment.
Single cell random motility assay
Single cells migration was monitored in normal growing conditions. Briefly, cells were seeded sparsely in a 6-well plate (2*10 4 cells/well) in complete media supplemented with 20 ng/ml EGF. Doxycycline (2.5 µg/ml) was added to the media 16 hours before starting the experiment. Random cell motility was monitored over a 24 hours period. Pictures were taken every 5 minutes from 10 positions/condition, using a motorized Olympus Scan^R inverted microscope with 10X objective.
All the experiments were performed using an environmental microscope incubator set to 37°C and 5% CO2 perfusion. Single cells were manually tracked using Manual Tracking Tool ImageJ software plugin. Migration plot and relative parameters were obtained by Chemotaxis and Migration Tool ImageJ software plugin.
AFM indentation method
Doxycycline-induced control and RAB5A-MCF-10A monolayers were seeded on 24 mm diameter coverslip at a jamming density before AFM indentation experiment. AFM indentation was carried out using JPK NanoWizard3 mounted on an Olympus inverted microscope. The protocol was adapted from previous study 7 . A modified AFM tip (NovaScan, USA) attached with 10 µm diameter bead was used to indent the center of the cell. The spring constant of the AFM tip cantilever is 0.03 N/m. AFM indentation loading rate is 0.5 Hz with a ramp size of 3 µm. AFM Indention force was set at a threshold of 2nN. The data points below 0.5 µm indentation depth were used to calculate Young's modulus to ensure small deformation and minimize substrate contributions 7 . The Hertz model is shown below:
where F is the indentation force, E is the Young's modulus to be determined, ν is the Poisson's ratio, R is the radius of the spherical bead, and δ is indentation depth. The cell was assumed incompressible and a Poisson's ratio of 0.5 was used.
Laser nanoscissors
Nanoscissor experiments were performed on a Leica SP5 confocal microscope. Finally, statistical analysis for control-normalized average initial recoil between different groups was performed by t test as described in the corresponding figure caption.
FRAP analysis
Cells were seeded on glass coverslips and cultured in complete medium until a uniform monolayer had formed. RAB5A expression was doxycycline-induced 16 hours before performing the experiment and cell culture medium has been refreshed before the live-imaging session.
FRAP experiments were performed on an UltraVIEW VoX spinning-disk confocal system (PerkinElmer) equipped with an EclipseTi inverted microscope (Nikon) provided with a Nikon Perfect Focus System, an integrated FRAP PhotoKinesis unit (PerkinElmer) and a Hamamatsu CCD camera (C9100-50) and driven by Volocity software (Improvision; Perkin Elmer). All images were acquired through a 60X oil-immersion objective (Nikon Plan Apo VC, NA 1.4). The photobleaching was performed using a rectangular region (3x8 µm) on the cell junctions. After defining the region of interest, the 488 nm was used at the maximum power for 30 bleaching cycles to bleach GFP signal. After bleaching, images were acquired every 4 seconds for the first 10 minutes and every 10 seconds for the last 5 minutes. A custom ImageJ macro and a set of functions written in Matlab (MathWorks) software were used to analyse the recovery curves. Briefly, the mean intensity value in the bleached area was measured, corrected for the background and for the acquisition photobleaching and the curves were then normalized to the pre-bleaching mean intensity values. A single exponential function was used to fit the recovery curves.
Zebrafish strains and maintenance
Zebrafish ( 
RAB5A mRNA preparation and injection in zebrafish embryos
mRNA of human RAB5A fused with CFP reporter at N-terminus (CFP:hRAB5A) was synthesized from pCS2+-PRDM5 vector previously linearized with NotI restriction enzyme 9 . 1 µg of linearized vector was in vitro transcribed with SP6 using the mMessage Machine kit (Ambion). Embryos were microinjected at 1-cell stage using 200 pg of synthetic CFP:hRAB5A capped mRNA and let to grow in E3 medium at 28.5°C together with not injected embryos.
In vivo analysis of epiboly progression
After 5.5 hours post fertilization (hpf), using a fluorescence stereomicroscope we selected about 30 injected embryos on the basis of CFP expression and about 30 not injected embryos then, thanks to stereomicroscope analysis, we classified and annotated their developmental stages (about 50% of epiboly) blindly. After 3 hours (8.5 hpf), we evaluated the progression of the epiboly of the same embryos at the standard temperature of 28.5°C. We performed two independent experiments and all data were statistically analyzed using Student's t-test and plotted.
Zebrafish time-lapse movie analysis
Two live embryos at 50% of epiboly stage (one expressing CFP:hRAB5A and one not injected)
were manually de-chorionated and mounted, in lateral position, in 1% low-melting agarose in E3
water. Images were acquired every 5 minutes by Nikon Eclipse 90i microscope and 4x objective and time-lapse movie with duration of 3 hours was created by "NIS-Elements" software (Nikon).
We performed two independent analysis.
Statistical analysis
Student's unpaired t or non-parametric Mann-Whitney-U tests were used for determining the statistical significance. Significance was defined as * p < 0.05; * * p < 0.01; * * * p < 0.001 and * * * * p
